A fruitful combination of absorption and gated luminescence spectrophotometry allowed us to gain insight into the proton-assisted dissociation of a triple-stranded dinuclear europium helicate in water. This process involves a key dimetallic double-stranded complex Eu 2 L 2 as already observed in the self-assembly process of the triple helicate. The slow unravelling of the first strand, which is triggered by the protonation of its two carboxylate groups, dominates the whole disentangling mechanism of the supramolecular edifice. The solvolytic dissociation in water is rather slow (k D ¼ 4(1) Â 10 À4 s
Introduction
During the last decades, the peculiar magnetic and spectroscopic properties of trivalent lanthanide ions, 1 Ln(III), have attracted considerable interest for the design of probes and responsive systems for biomedical analyses, 2 medical diagnosis and therapy. 3 For instance, contrast agents based on gadolinium(III) chelates are commonly used for enhancing the quality of MRI medical images. 3b Furthermore, the long excited state lifetimes of several Ln(III) ions are ideally suited for the engineering of immunoassays using time-resolved luminescence for the separation of the probe phosphorescence from the background fluorescence. 2a,b Finally, stimulating developments are presently taking place in which lanthanide probes emitting in the visible allow the imaging of cancer cells, 4 and this methodology is being extended to the near infrared (Nd, Er, Yb), a spectral range in which biological tissues have little absorption. 5 These applications require the design of lanthanide chelates with high thermodynamic stability and kinetic inertness under physiological conditions. In addition, the molecular programming of lanthanide-containing stains should aim at controlling, or possibly enhancing, the physico-chemical properties of the 4f ions. Therefore, a strict command of the inner co-ordination sphere is needed, which represents a real challenge in view of the poor stereochemical requirements of the Ln(III) ions, as well as of their large and variable co-ordination numbers. Several different synthetic strategies have been successfully proposed to achieve this goal. One approach uses multiplestep convergent syntheses to produce adequate receptors and self-assembly processes to lead to triple helical monometallic complexes or to polymetallic helicates. 6 In this way, interesting homo-(4f-4f) 7 and hetero (4f-4f' 8 or 4f-3d 5b ) dimetallic functional edifices have been isolated. 9 We note that the advantage of hetero dimetallic helicates is their potential use as bi-colour luminescent probes or as compounds acting simultaneously as magnetic and spectroscopic stains. The same strategy can be fruitfully extended to trimetallic 4f-4f-4f architectures. 10 Until now, thermodynamic, structural and spectroscopic properties of metal-containing dimetallic helicates have been extensively studied, contrary to their kinetic properties, apart from our on-going work on supramolecular edifices with polytopic ligands. [11] [12] [13] [14] In particular, we have recently fully elucidated the self-assembly mechanism leading to the exclusive formation of a triple-stranded dimetallic helicate Eu 2 L 3 in water ( Figure S1 , ESI), where L is bearing two symmetrical tridentate units (O-carboxylate, N-pyridyl, N-benzimidazolyl, Fig. 1 ).
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The mechanism proceeds through either one of EuL 2 or Eu 2 L intermediates, depending on the experimental conditions, and leads to Eu 2 L 2 by a ''braiding'' or a ''keystone'' mechanism. Finally, Eu 2 L 2 , which was found to be very inert towards the release of either a ligand molecule or a cation, reacts very fast with a third ligand strand leading to the targeted Eu 2 L 3 helicate (Fig. 2) . The overall process is mainly governed by electrostatic interactions. The stability of the 4f-4f dimetallic edifices towards acidpromoted hydrolysis is important in the context of their use as analytical probes. Therefore, we present in this paper a detailed study of the Eu 2 L 3 dissociation under acidic conditions. We rely on a combination of spectrophotometry and gated luminescence, as well as on stopped-flow techniques, to determine the kinetic parameters related to the proton-assisted dissociation of Eu 2 L 3 in water and propose a reaction mechanism.
Results and discussion

Properties of ligand L and dinuclear europium(III) triplestranded helicate
In our previous studies, three protonation constants have been determined for L: log K LH ¼ 10.1(1), log K LH 2 ¼ 9.5(2), and log K LH 3 ¼ 6.0(2) and we have assigned them to the two imidazolyl groups and to a pyridyl function, respectively. 11 The poor solubility below pH ¼ 6 and the precipitation of the ligand L at pH ¼ 4 prevent the determination of the other protonation constants which were estimated to be at about 5.4 for log K LH 4 and lower than 2 for log K LH 5 and log K LH6 . 15 Under very acidic conditions, below pH ¼ 2, L re-dissolves, due to protonation of the carboxylate functions. The formation of the helicate induces a significant red shift to 332 nm of the ligand p -p* transition centred at 308 nm ( Figure S2 , ESI).
The ditopic ligand L acts also as a fair sensitiser of the Eu(III) luminescence, the absolute quantum yield of the metalcentred luminescence (Fig. 3 ) reaching 1.3% at pH E 7.0, with a detection limit of 10 À9 M in H 2 O and 10
Kinetic data
The global de-complexation reaction, under acidic conditions, can be written as follows (charges are omitted throughout this paper for the sake of simplicity):
In a first series of experiments, the absorbance at 345 nm, which corresponds to the maximum of spectrophotometric amplitude ( Figure S2 , ESI), was monitored versus time for several concentrations of perchloric acid in the range 0.046
In all the cases, the variation could be fitted with a single exponential function ( Figure S3, ESI) ; the corresponding pseudo-first-order rate constants are reported in Table 1 and in Figure S4 (ESI).
In order to check whether or not other processes take place during the dissociation, we have also recorded the time dependence of the entire absorption spectra (280-400 nm) by stopped-flow techniques. An isosbestic point is clearly observed at 324 nm (Fig. 4) between the spectra of the protonated helicate and of the free protonated ligand. Furthermore, when the spectra are recorded on a longer time span (up to 1000 s) a second, slow process is evidenced, in which the ligand is apparently degraded. A control experiment on the ligand alone confirmed this slow decomposition, in which carbon dioxide is released ( Figures S5 and S6, ESI) .
We have also taken advantage of the europium-centred luminescence to monitor the dissociation process and to confirm the rate constants extracted from the absorption spectra. Table S1 , ESI). They compare very well with those determined by absorption spectrophotometry. 
Reaction mechanism
Combining absorption and luminescence data, we were able to fit the dependence of the pseudo-first-order rate constants on the acid concentration to the following equation:
The relevant dissociation mechanism is described by eqns. 
The parameters a ¼ k K 1 K 2 , b ¼ K 1 and c ¼ K 1 K 2 were determined by non-linear least-squares methods 16 and are listed in Table 2 . It is noteworthy that the values determined by gated luminescence spectrophotometry are in excellent agreement with those obtained using UV-visible absorption spectroscopy, within experimental errors.
We propose a process via the thermodynamic ''prehelicate'' Eu 2 L 2 , which is the key intermediate 11, 12 of the self-assembly process mechanism of the di-europium triple-stranded helicate. The dinuclear mono-stranded Eu 2 L intermediate is less likely, since it was only observed when europium(III) was in large excess with respect to the ligand. 11 It strongly suggests that the two initial protonation reactions occur on the same ligand strand and lead to the rate-limiting disentanglement of the first diprotonated ligand. The schematic representation of the dissociation mechanism is given in Fig. 6 . The two fast proton-dependent equilibria (log K ¼ 0.95 AE 0.15, log K 2 ¼ 0.44 AE 0.19), could be assigned to the successive protonation of the two carboxylate groups of ligand L. The difference between these two constants is close to the value (D log K ¼ 0.6) which is expected for a statistic model 17 , and suggests weak interactions, especially electrostatic repulsions, between the respective coordination cavities of the two europium cations. The rate-limiting step observed under our experimental conditions is then associated with the disentanglement of the first diprotonated ligand strand, leading to Eu 2 L 2 . Protonation and dissociation of the dinuclear double stranded helicate is then assumed to process rapidly. Our study points out the crucial role played by the reactive Eu 2 L 2 species as well as in the formation and in the dissociation mechanism of Eu 2 L 3 . Indeed, only strongly pre-organised structures will prevent fast dissociation reactions. The proton-assisted pathways dominate the mechanism under our experimental conditions in agreement with the low solvolysis rate constant k D which we previously determined for Eu 2 L 3 (k D ¼ 4(1) Â 10 À4 s
À1
).
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Conclusion
A fruitful combination of absorption and gated luminescence spectrophotometry allowed us to fully characterise the dissociation mechanism of a di-europium triple-stranded helicate in water and under acidic conditions. As for the self-assembly mechanism, 11 the dissociation process involves a key dimetallic double-stranded complex Eu 2 L 2 . The fast protonation of the two carboxylate groups borne by one of the three strands indeed triggers its slow rate-limiting release. The unwrapping of the first strand dominates the whole process. The further dissociation steps of the double-stranded dimetallic Eu 2 L 2 are more rapid. Only triple-stranded helical arrangement efficiently prevents a fast attack of the protons leading to the complete dissociation of the starting complex. The solvolytic dissociation of Eu 2 L 3 in water is rather slow (k D ¼ 4 Â 10 À4 s À1 ) 11 and is catalysed by
). As a conclusion, the europium helicate studied here is characterised by a high kinetic inertness over a wide range of pH (3 o pH o 12) and by a large thermodynamic stability in water.
7d These properties open the way for the preparation of novel luminescent biomarkers.
Experimental section Starting materials and solvents
Ligand L was synthesised according to previously published procedure.
7c,d Eu(ClO 4 ) 3 .nH 2 O was prepared from the oxide Step Absorption
a UV-visible absorption spectroscopy; l ¼ 345 nm. b Europiumcentred emission: l exc ¼ 324 nm; l ana ¼ 595 nm. Calculated errors are given within parentheses. n. d. means not determined. (Rhoˆne-poulenc, 99.99%) in the usual way. 18 CAUTION! Although we have experienced no problems in handling perchlorate compounds, these salts combined with organic ligands are potentially explosive and should be handled in small quantities and with the adequate precautions. 19 Distilled water was further purified by passing it through a mixed bed of ion-exchanger (Bioblock Scientific R3-83002, M3-83006) and activated carbon (Bioblock Scientific ORC-83005). It was de-oxygenated by bubbling oxygen free argon (Sigma Oxiclear cartridge).
UV-visible absorption
The europium(III) complex (7.22 Â 10 À6 M) was prepared at p[H] E 6.0 in water by adding 0.66 equivalent of europium(III) perchlorate to L. Perchloric acid (70% in water, double distilled, Aldrich) was used as a scavenger and its concentration was ascertained by colorimetric titration with NaOH (10 À1 M, Carlo Erba, Titrisol Normex) and phenolphthalein (Prolabo, purum). The dissociation reaction of the europium(III) helicate maintained at 25.0(2) 1C (Lauda M12 thermostat) was monitored on a SX-18MV stopped-flow spectrophotometer from Applied Photophysic. Pseudo-first-order conditions with respect to the complex were used and acid concentrations were varied from 4.65 Â 10 À2 M to 8.34 Â 10
À1
M. The absorbance decay versus time was monitored at 345 nm with a 1 cm optical cell. The data sets, averaged out of at least three replicates, were analysed with the commercial software Biokine. 20 This program fits up to three exponential functions to the experimental curves with the Simplex algorithm 21 after initialisation with a Pade´-Laplace method. 22 Time-resolved absorption spectra were also collected from 280 nm to 450 nm using an Applied Photophysics diode array device. The multiwavelength data sets were treated by nonlinear least-squares analysis with the Specfit program. 23 Specfit uses factor analysis to reduce the absorbance matrix and to extract the eigenvalues prior to the multiwavelength fit of the reduced data set according to the Marquardt algorithm.
24,25
Gated luminescence
The concentration of the europium(III) complex was 6.08 Â 10 À7 M and the acid concentrations were varied from 5.00 Â 10 À2 M to 9.50 Â 10 À1 M. Gated luminescence kinetic measurements were recorded at 25.0(2) 1C (Haake FJ thermostat) on a Perkin-Elmer LS-50B. The excitation wavelength was set to 324(1) nm and the intensity decay of the 5 D 0 -7 F 1 transition at 595(1) nm was measured. Gated luminescence measurements were obtained using phosphorimeter acquisition, with a delay time of 0.05 ms, a 200 ms sample window, 1 ms per flash and 1 flash per point. The slit widths were 12.5 nm for the excitation and emission. The data sets, averaged out of at least three replicates, were recorded and analysed with the commercial software Biokine. 20 
